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ABSTRACT: Shallow estuarine habitats often support large populations of small nekton {fishes and decapod crusta-
ceans), but unique characteristics of these habitats make sampling these nekton populations difficult. We discuss devel-
opment of sampling designs and evaluate some commonly used devices for quantitatively sampling nekton populations.
Important considerations of the sampling design include the size and number of samples, their distribution in time and
space, and contro} of tide level. High, stable catch efficiency should be the most important gear characteristic considered
when selecting a sampling device to quantify nekton densities. However, the most commonly used gears in studies of
estuarine habitats (trawls and seines) have low, variable catch efficiency. Problems with consistently low catch efficiency
can be corrected, but large unpredictable variations in this gear characteristic pose a much more difficult challenge.
Study results may be biased if the variability in catch efficiency is related to the treatments or habitat characteristics
being measured in the sampling design. Enclosure devices, such as throw traps and drop samplers, have fewer variables
influencing catch efficiency than do towed nets (i.e., trawls and seines); and the catch efficiency of these enclosure
sampiers does not appear to vary substantially with habitat characteristics typical of shallow estuarine areas (e.g., presence
of vegetation). The area enclosed by these samplers is often small, but increasing the sample number can generally
compensate for this limitation. We recommend using enclosure samplers for estimating densities of small nekton in
shallow estuarine habitats because these samplers provide the most reliable quantitative data, and the results of studies
using these samplers should be comparable. Many kinds of enclosure samplers are now available, and specific require-
ments of a project will dictate which gear should be selected.

Introduction

Shallow estuarine habitats that include emergent
marsh, submerged aquatic vegetation, mangroves,
and tidal flats are extremely productive and often
support large nekton populations. Because of this
productivity, these habitats have been the focus of
much ecological research. Study objectives often
involve an assessment of relative habitat value
through interhabitat comparisons of nekton den-
sities or an examination of temporal trends in pop-
ulation size within habitats. As in most ecological
field research, sampling the abundance of animal
populations is pivotal, and a wide array of sampling
strategies and gear types have been developed for
this purpose.

The unique characteristics of shallow estuarine
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habitats must be considered when designing a sam-
pling program. All of these habitats are either in-
tertidal or adjacent to intertidal bottom. As water
levels fluctuate with the tide or with other hydro-
dynamic processes, animal distributions among
habitats change (Peterson and Turner 1994}, and
estimates of density (numbers per square meter of
bottom) can be greaty affected. This redistribu-
tion of nekton with each tide must be considered
when estimating population size. Heterogeneity
within habitats and the dramatic changes in the
physical environment associated with estuarine sys-
tems also contribute to sampling problems.

One of the most important decisions in devel-
oping a sampling program is gear selection. Gear
selection should be based on requirements for
data and specific objectives of the study, not on the
case of deployment, on historical efforts, or be-
cause of limited exposure or training in the various
gears avatlable. Many tvpes of sampling gear and
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techniques have been developed for use in estua-
rine habitats, but the collection of quantitative
(both accurate and precise) data remains a major
challenge. Accuracy and precision are both affect-
ed by catch efficiency, and stability in catch effi-
clency may be the most important requirement in
a gear. The use of gear that characteristically ex-
hibit large and unpredictable variations in catch
efficiency makes habitat comparisons unreliable
and decreases the ability to detect statistical differ-
ences in the data.

In this paper we review important considerations
that are necessary to successfully carry out a sam-
pling project for estimating densities and popula-
tion abundances of small nekton in shallow estua-
rine habitats. Although we discuss various aspects
of the topic, we emphasize the problem of gear
selection, one of the most important considera-
tions of a sampling design. We develop a set of
desirable gear characteristics and evaluate the suit-
ability of some common sampling devices.

Targeted Habitats and Species

This paper is directed specifically toward quan-
titatively sampling small fishes and decapod crus-
taceans in shallow (< 1 m deep) areas of estuaries,
although in many instances our conclusions can be
more broadly applied. The shallow regions of es-
tuaries contain some of the most productive fish-
ery habitats, including tidal marshes, seagrass beds,
mangroves, tidal flats, and oyster reefs (Pihl and

Rosenberg 1982; Weinstein 1982). Habitat is de-

fined broadly here as an area inhabited by nekton
(Peters and Cross 1992), and habitats are generally
characterized on the basis of hydrology, substrate
type, and dominant vegetation. Hydrology is main-
ly determined by elevation, and habitats are either
subtidal (1.e., continuously flooded) or intertidal
(1.e., alternately inundated and drained). Habitat
substrates are defined by sediment grain size, the
presence of shell or rock, and the proportion of
organic material. Inorganic sediments may vary
greatly In grain size composition {(proportion of
sand, silt, and clay). Other substrates are composed
mostly of partially-decayed plant material, shell and
shell hash, or rock. For example, oyster reefs are
habitats with substrates consisting almost entirely
of shell from living and dead oysters. A wide variety
of vegetated habitats exist in both subtidal and in-
tertidal areas. In subtidal areas, seagrasses and
many other species of submerged aquatic vegeta-
tion (SAV) occur. Intertidal areas support SAV,
mangroves, and emergent marsh species. Major de-
terminants of plant species composition are geo-
graphic region, salinity, and hydroperiod (Mitsch
and Gosselink 1986; Latham et al. 1994); species
richness (number of plant species) generally in-

creases as salinity decreases (Chabreck 1971, 1972;
Gosselink 1984). All shallow estuarine habitats sup-
port fishes and crustaceans, although support var-
ies among habitats in kind and degree.

Small (< 100 mm TL) fishes and decapod crus-
taceans have been targeted in this review for a va-
riety of reasons. These organisms are abundant in
shallow estuarine habitats, thus population sizes
are relatively easy to estimate (Kjelson 1977). The
group includes all life stages of some resident spe-
cies plus the young of transient species that use
estuarine habitats as nursery areas. Many of these
transient species are of special interest because of
their recreational and commercial fishery mimpor-
tance. Density estimates of the young of economi-
cally important species can be used as a measure
of a habitat’s relative nursery value for fishery spe-
cies by comparison to densities in other nearby
habitats (Pearcy and Myers 1974; Zimmerman and
Minello 1984; Sogard and Able 199]; Baltz et al.
1993). The distribution of young fishery species 1s
more likely to accurately reflect habitat value than
the distributions of adults, which may be atfected

by local fishing pressure and greater variance in

density. Large juveniles and adults are also more
difficult to sample quantitatively because they are
less abundant, more motile, and more widely dis-
tributed (Kjelson 1977). Finally, the best sampling
methods available today have been developed to
quantitatively sample our targeted size group.

Sampling Design

Clearly defining the goals of an ecological study
1s a critical exercise that 1s often neglected. With-
out spectfic goals, research projects are likely to
have ambiguous results (Green 1979). Each study
goal should be converted into a research question
and refined into specific objectives. One goal may
provoke several objectives, and the objectives
should narrow the scope of the research goal to a
tractable problem. Testable hypotheses should
then be developed from the objectives, and the
sampling protocol should be designed to test these
hypotheses.

Shallow estuarine habitats have some unique
characteristics that must be considered in design-
ing a sampling program. The effect of water-level
fluctuations must be considered In esumatng the
abundance of nekton in these habitats. Changing
water levels, either due to tidal fluctuations, me-
teorological effects, water-level control structures,
or alterations in freshwater inflow can drastically
alter density estimates. The rising tide in coastal
areas greatly expands the amount of flooded bot-
tom area in a basin. As examples, aquatic habitat
was estimated to expand fourfold to ninefold when
a tidal freshwater marsh flooded (Mclvor et al.



1989), and a four-to-one ratio of intertidal to sub-
tidal area was estumated for a salt marsh system
(Pomeroy and Imberger 1981). Assuming an even
distribution of animals over the flooded area, ani-
mal densities will decrease as the tide rises and
floods intertidal habitat. If water level i1s not con-
sidered in comparing density estimates among sites
or over time, spatial and temporal differences in
animal abundance will be indistinguishable from
density changes due to this water-level effect
(Vance and Staples 1992; Loftus and Eklund 1994).
This concentrating factor at low water levels 1s of-
ten ignored in sampling designs. To complicate
the situation, many animals such as Kkillifishes
(Family Cyprinodontidae), grass shrimp, (Palae
monetes spp.), brown shrimp (Penaeus aztecus), blue
crab (Callinectes sapidus), and spotted seatrout ( Cy-
noscion nebulosus) are attracted to shoreline emer-
gent vegetatuon when it becomes accessible at high
water levels (Zimmerman and Minello 1984; Loftus
and Eklund 1994; Peterson and Turner 1994). If
sampling efforts are concentrated in the adjacent
subtidal habitats, density estimates for these organ-

1sms will increase dramatically as water levels dmrp '

and animals are forced out of shoreline vegetation
(Loftus and Eklund 1994; Peterson and Turner
1994).

The most unbiased picture of habitat use at a
site. would require sampling at all water levels in
proportion to the time these water levels occur in
the study area. This approach, however, would in-
crease within-habitat sample variances and require
a large effort to detect patterns of habitat utiliza-
tion. A practical solution to the problem 1s to sam-
ple all habitats of interest at similar water levels.
Inferences must be limited to that water level; but
this type of sampling design allows unbiased com-
parisons of habitat utilization. Low-water sampling
may be most desirable 1f only subtidal habitats are
targeted in the study, because under such condi-
tions animals will be precluded from using shore-
line habitats (e.g., flooded vegetation); and densi-
ties in subtidal habitats will be relatively high. How-
ever, In situations where comparisons are desired
between Intertidal and subtidal habitats, animal
densities should be sampled at high tide when the
habitats are equally accessible to aquatic organ-
isms.

When comparing utilization patterns, habitats of
interest should be clearly defined. Frequently, gen-
erally-recognized habitats are really mosaics of hab-
itats (environmental strata) that have different
characteristics and different utilization patterns.
Sampling of animal populations may often need to
be stratified in relaton to these environmental
strata. For example, emergent marsh may be strat-
ified into edge or inner-marsh habitat, low eleva-
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tion or high elevation habitat, or into strata dom-
inated by different macrophyte species. Estimates
of animal populations in intertidal marsh corntain-
ing a variety of habitats may be biased if samples
are restricted to only one or two of these habitats.
Habitat mapping can be used to define strata and
allocate sampling effort. Once the habitats of in-
terest are identified, we recommend the random
selection of sampling sites within each habitat. This
sample site identification is best done with a grid-
ded map of the area. Frequently the argument is
made that this type of random assignment may
miss some important location within the habitat or
strata of interest; such arguments, however, are
generally founded on inadequate identification of
important strata. Systematic sampling is defensible
as an alternative to random sampling. A systermatic
allocation of sampling sites simply means that sites
are evenly spaced across the habitat area. These
sampling sites are often fixed for future use. Lo-
cating systematic or evenly spaced sampling sites
over a strata, however, should be done carefully
(and best, remotely). It is not acceptable to cruise
the sampling area and pick sampling sites because
they ‘look good,’ they are easily accessible, or they
are easy to sample. These site selection techniques
are highly subject to bias, and the sampling sites
chosen in this manner are not likely to represent
the habitat or strata as a whole.

Choosing the appropriate number of samples is
dependent upon gear selection to some extent but
also involves other considerations. Collecting too
many samples wastes time and resources, and tak-
ing too few samples may result in a failure to ac-
complish the study objectives (Dixon and Garrett
1993). Deciding on the number of samples usually
is a compromise between cost and sample preci-
sion (Johnson and Nielsen 1983; Pringle 1984). In-
creasing the number of samples may increase pre-
cistion and the ability to distinguish among hypoth-
eses. The sampling design should incorporate as
few samples as possible and still have enough sta-
tistical power to detect differences among experi-
mental treatments or other factors of interest. Pro-
cedures for determining the number of samples
required are widely available (e.g., Sokal and Rohlf
1981;: Bros and Cowell 1987; Goldstein 1989; Pe-
terman 1990; Eckblad 1991; Fairweather 1991;
Manly 1992; Hewitt et al. 1993). Briefly, an estimate
of sample variance is used to calculate the number
of samples necessary to detect a percentage differ-
ence between two means (e.g., control and treat-
ment or two different habitats). Sample variances
can be estimated from data collected during pre-
liminary sampling, in a short pilot study, or from
studies of similar estuarine habitats that are re-
ported in the literature. The use of complex anal-
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ysis of variance (ANOVA) designs and data trans-
formations to meet ANOVA assumptions will often
improve the capability of detecting differences
among treatments.

Gear Selection

Selecting a sampling device is one of the most
important steps in planning a study of estuarine
animal populations. The sampling gear must be
appropriate for the target species and habitats as
well as for the overall objectives of the study. Ide-
ally, the gear should be accurate and precise in
estimating animal densities. Accuracy is the close-
ness of a mean density estimate to the true mean
density of animals in a habitat, whereas precision
1s the closeness of repeated density estimates taken
from the habitat (Sokal and Rohlf 1981). Gear
catch efficiency, or the proportion of target ani-
mals collected from the sample unit area, is an im-
portant factor affecting sampling accuracy. Vari-
ability in catch efficiency can also affect sampling
precision. Catch efficiency has two components:
‘gear capture ethciency and recovery efficiency
(Kjelson and Colby 1977). Gear capture efficiency
is the proportion of target animals within the sam-
ple unit area that is enclosed or captured by the
gear. Capture efficiency is reduced by gear avoid-
ance, which may be active (e.g., animals in the path
of the gear swim over or under it and avoid cap-
ture) or passive (e.g., gear may miss animals bur-
rowed in the substrate or hiding in vegetation).
Recovery efficiency is the proportion of target an-
imals enclosed by or taken into the gear that is
recovered from the sampling device and enumer-
ated. Recovery efficiency is diminished, for exam-
ple, if some animals within a sampler cannot be
removed or if small organisms escape from a sam-
pling device through large-mesh netting. The goal
should be to select a gear with a high catch effi-
- ciency. Moderately efficient gear will also be ade-
quate for accurately estimating population densi-
ties if catch efficiency is known and relatively stable
(KRuipers et al. 1992). However, catch efficiency
must be known and stable over the range of envi-
ronmental conditions encountered in the study.

No gear is 100% efficient in capturing estuarine
nekton, and the ability to measure catch efficiency
1s necessary for estimating actual densities and
temporal changes in targeted populations from
sampling data. It is also essential to measure catch
etficiency under conditions (for dominant species,
different habitats) that will be encountered in the
held (Kjelson 1977). Catch efficiency has been
measured In several ways. Mark-recapture studies
(Loesch et al. 1976; Kjelson and Johnson 1978; Sul-
livan et al. 1985) and the use of rotenone or sein-
ing (Kjelson and Johnson 1973; Kushlan 1981)

have been used to estimate ‘actual’ populations in
a confined area (e.g., pond or area blocked by
small-mesh net) for comparison with estimates
made from samples collected by the gear to be test-
ed. A problem with this approach is that estimates
of the actual population may also be biased. This
problem may be overcome by testing gear in a
large isolated area into which a known number of
animals have been added (Pihl and Rosenberg
1982; Zimmerman et al. 1986). Difficulty in mea-
suring the two components of catch efficiency (re-
covery efficiency and capture efficiency) varies
with gear type. Recovery efficiencies are relatively
easy to measure In enclosure samplers using
marked animals (Weinstein and Davis 1980; Mat-
lock et al. 1982; Zimmerman et al. 1984; Mclvor
and Odum 1986; Thayer et al. 1987; Rozas and
Odum 1987; Rozas 1992). or using depletion esti-
mates (i.e., fitting the data from repeated recov-
ertes within the sampler to an exponential decay
function) (Kneib 1991; Connolly 1994), Measuring
recovery ethciency for other types of sampling gear
1s more difficult. Directly measuring gear avoid-
ance and capture efficiency is difficult for most
gear but has been estimated visually in clear water
for trawls (Workman et al. 1995) and a pop net
(Larson et al. 1986).

Gear catch efficiency usually varies among hab-
itats sampled, thus decisions on gear selection

‘must be associated with targeted habitats. Any gear

selected must be effective (i.e., have a high catch
etficiency) throughout the sampling area, and
catch efficiencies should be known for each habitat

- sampled. When the objective of a study is to com-

pare nekton utilization of different habitats, we
recommend using a gear that is equally efficient in
all habitats to avoid the need for correction factors.
Gear efficiency can also vary substantially within a
habitat. If gear efficiency is high only in some of
the targeted habitat (i.e., some environmental stra-
ta), population estimates may be biased in the stra-
ta where the device is ineffective unless a correc-
tuon factor is used. If some strata within a habitat
are avoided (not sampled) and densities are dif-
ferent in sampled and unsampled strata, the pop-
ulation estimates may not represent those of the
targeted study area as a whole. For example, a
throw trap may not be appropriate for sampling a
marsh containing patches of dense emergent veg-
etation that render the devise ineffective even:
though the gear would perform satisfactorily in ar-
cas of the marsh where plants are sparse (Kushlan
1974; Mclvor and Odum 1986).

Ease of standardization is an important quality
of a sampling gear. Standardizing gear is necessary
to ensure that catch efficiency does not vary due
to changes in gear specifications or how a gear is



used. Some gear are more difficult than others to
standardize. In general, the fewer variables influ-
encing gear etficiency the better. Devices with few
variables Influencing gear efficiency require less
adjustment to maintain their effectiveness. This
consideration is especially critical for large moni-
toring programs or research projects where more
than one field crew must collect samples concur-
rently. In such circumstances, ease of standardiza-
tion may be critical to the success of the project.

Another important aspect of any gear is the area
sampled with each deployment (i.e., the sample
unit area). The appropriate size of the sample unit
area 1s dependent on the density, distribution, be-
havior, and size of targeted species; and on the ob-
jecuves of the study. In general, as the density of
animals decreases or their distribution becomes
more clumped, the total area sampled must be in-
creased to estimate the population accurately
(Kjelson 1977; Jacobsen and Kushlan 1987). In-
creasing the area sampled can be accomplished by
taking more samples or enlarging the sample unit
area. However, if the total area sampled is fixed
(e.g., 100 m* within a habitat), many small samples
will usually provide a better estimate of population
abundance than fewer large samples (Lenarz and
Adams 1980; Pringle 1984; Palmer and White
1994). Some consideration should also be given to
animal behavior. To obtain representative samples
of fast-swimming pelagic and schooling species, a
larger sample unit area is required than for sed-
entary benthic and nonschooling animals (Kjelson
and Johnson 1973; Kjelson et al. 1975; Gilmore et
al. 1978). For a given type of gear, increasing the
sample unit area will generally require more time
and effort to collect and process individual sam-
ples; but the increase in effort is not necessarily
proportional to the increase in sample unit area
(Chick et al. 1992). Therefore, one challenge in
developing a sampling design is balancing the sam-
pler unit size with the sample number.

A major reason for using any quantitative sam-
pling method is to determine animal densities for
comparative purposes. Therefore, it is imperative
that the sample unit area of a gear be easily deter-
mined. Because most animals are oriented to the
bottom or to vegetative structure in shallow estua-
rine habitats, densities within habitats should be
reported as number of organisms per unit arca of
bottom (e.g., individuals m~—%). However, the gear
should effectively sample the entire water column,
because the goal is to sample all animals in the
sample area regardless of their position in the wa-
ter column.

Effective operation of the gear should not de-
pend on modifying the habitat prior to sampling,
and disturbance in the sample area should be min-
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imal. Changes to the site prior to sampling may
bias samples, and the problem is especially severe
where repeated sampling of the same site causes
chronic deterioration of the habitat (Hoese and
Jones 1963; Moseley and Copeland 1969; Kushlan
1974; Loftus and Eklund 1994) and statistical non-
independence of samples.

The cost of gear construction, sample collection,
and sample processing should not be a primary
consideration in selecting a gear type, but the re-
ality of funding any sampling program makes cost
an important factor. The selected gear should be
easy to use and relatively inexpensive to construct,
maintain, and operate (Wegener ct al. 1973). Costs
can be reduced by choosing gear that require only
a small sampling crew and a short deployment
time. This deployment time, or the time required
to collect a sample, also affects the number of sam-
ples that can be collected. More samples can be
taken using a faster sampling device, and addition-
al samples can increase the precision of the data
(Moseley and Copeland 1969; Kjelson et al. 1975).
Sorting and processing a sample is usually much
more costly in the overall budget than collecting
the sample. Therefore, using a device that collects
a relatively clean sample (i.e., small amount of ex-
traneous material) that requires little sorting time
is also an advantage. The cost of sorting and pro-
cessing samples generally decreases as sample unit
area 1s reduced.

Characteristics of Available Gear

Gear commonly used to estimate densities of es-
tuarine populations may be separated into three
major categories: towed nets, passive gear, and en-
closure samplers (Table 1). Each has its advantages
and limitations, which we discuss below. Entangle-
ment gear (gill nets and trammel nets) are also
widely used in estuaries, and are useful for collect-
Ing qualitative samples (e.g., for estimating growth
rates, diet analysis, etc.) or documenting the move-
ment of some fishes (e.g., Kleypas and Dean 1983;
Sogard et al. 1989a,b). However, entanglement
gear are generally not suitable for estimating pop-
ulation densities of small fishes and crustaceans.

TOWED NETS

Commonly-used gear, such as trawls and seines,
that use the area-swept method to estimate animal
densities usually have low catch efficiencies
(Loesch et al. 1976; Orth and van Montfrans
1987). Catch efficiencies of towed nets vary with
the species and size of the targeted animals (Kjel-
son and Johnson 1978; Lyons 1986; Hartman and
Herke 1987; Parsley et al. 1989; Allen et al. 1992;
Millar 1992). For example, catch efficiencies of ot-
ter trawls have been measured for small brown
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TABLE 1. List of available gear for sampling nekton in shallow estuarine habitats, and advantages and disadvantages of each type.
CE = catch efficiency, RE = recovery efficiency, SUA = sample unit area.

Gear Type Advantages Disadvantages
Towed nets
Otter trawl Easy to use Low and variable CE
Clean samples Ineftecuve In vegetation and shallow water
Large SUA SUA can be difficult to define

Beam Trawl

Bottom Sled

Surface trawl

Seine

Passive samplers

Channel net?
Fyke net

Flume netb

Breder trap
Pit trap
Light trap

Enclosure samplers

Encircling net
Block net
Purse seined

Flume Weire

Drop Net!

Throw Traps

Drop Sampler®

Easy to use

Clean samples
Large SUA

Useful for unconsohdated bottom
Easy to use
Clean samples

Useful for unconsolidated bottom
Easy to use
Clean samples

Easy to use
Clean samples

- Large SUA

Large SUA

RE is measurable and generally
high

Clean samples

Large SUA

Easy to use

Clean samples

Relatively inexpensive to construct
and maintain

RE is measurable
Large SUA

RE 1s measurable and generally
high
Clean samples

Large SUA
Not hmited by shallow water

RE is measurable and generally
high
Not limited by shallow water

Easv to use

RE 1s measurable and generally
high

Relatively inexpensive to construct
and maintain

RE is measurable and generally
high

Eftective in most shallow estuarine
habitats

Gear standardization very difficult
Numerous attributes influence CE

Low and variable CE
Ineffective in vegetation

Low and variable CE
Inettective in vegetation
Gear standardization difficult

L.ow and variable CE
Inetfective 1n vegetation
Gear standardizaoon difficult

l.ow and variable CE

Ineftective In vegetation/over soft substrate
SUA can be difficult to define

Recovery low for some species

SUA can be difficult to define

(Gear avoldance at high udal stages, in swift cur-
rents

Samples integrated over space and time

Stationary: fixed sample sites

Restricted to intertidal

Must include habitats near marsh edge

Samples integrated over space and time

Statonary: fixed sample sites

Added structure may attract nekton in unvege-
tated habitats

Low and vanable CE
Extremely species selective
CE difficult to measure

SUA poorly defined, variable

Varnable RL, dependent on method of sample
removal

CE low for some species/habitats
Ineffective 1n vegetation

Restricted to intertidal

Added structure may attract nekton in unvege-
tated habitats

Small number of samples/tidal cycle

Stationary: fixed sample sites

Small SUA
Added structure, shadow effect
Stationary: iixed sample sites

Small SUA
Inettective 1n thick vegetation

Small SUA
Limited to habitats directly accessible with shal-
low draft boat
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Gear Type Advantages

Disadvantages

Pop Net
high
Clean samples

Relatively inexpensive to construct

and maintain

~ Bottomless Lift Net
high
Clean samples

Not limited by shallow water

RE is measurable and generally

RE 1s measurable and generally

Added structure may attract nekton i unvege-
tated habitats

Ditficult to deploy in seme habitats, e.g., thick
emergent vegetation, oyster reet

RE dependent on removal method

Restricted to intertidal

Small SUA

Small number of samples/tidal cycle
Statonary: fixed sample sites

Relatively inexpensive to construct

and maintain

Reterences describing selected gear are as follows:

a = Cain and Dean (1976), Hettler 1989, and Rountree and Able 1992.

P = Mclvor and Odum 1986.
¢ = Lambou (1959).
4 = Hunter et al. (1966).
¢ = Kneib {1991).
I = Hellier (1958).
# = Wegener et al. {1973) and Kushlan (1974).
b = Zimmerman et al. (1984).
' = Bagenal (1974).
J = Rozas (1992).

shrimp at 17.5-52.9% (Loesch et al. 1976), 17%
(Zimmerman et al. 1986), and 49% (Minello et al.
1991). Extremely low catch efficiencies for trawls
sampling spot (Leiostomus xanthurus) (6%), Atlan-
tic croaker (Micropogonias undulaius) (26%), and
anchovies (Anchoa spp.) (7%) have also been re-
ported (Loesch et al. 1976; Minello et al. 1991).
Average seine catch efficiencies for striped killifish
(Fundulus majalis) (53%), Atlantic menhaden (Bre-
voortia tyrannus) (32%), white mullet (Mugil cure-
ma) (40%), striped mullet (Mugil cephalus) (33%),
mummichog (Fundulus heteroclitus) (27%), and spot
(23%) were estimated using standardized methods
to sample an isolated marsh pool at low tide (Allen
et al. 1992). If these catch efficiencies were stable,
appropriate corrections could be made to estimate
animal density; unfortunately, the efficiencies ap-
pear to be highly variable (Allen et al. 1992; Kui-
pers et al. 1992). -

Catch efficiencies of towed nets are particularly
difficult to stabilize because they are influenced by
many factors. In addition to the behavior and size
of the target species and numerous environmental
factors, gear effectiveness of otter trawls also may
vary with the method of rigging, mesh material
and size, sound generated by boat and gear, towing
speed and direction, tow duration, and the method
of net retrieval (Kashkin and Parin 1983; Thayer
et al. 1983; Carothers and Chittenden 1985;
Creutzberg et al. 1987; DeAlteris et al. 1989; Millar
1992; Engas 1994; Workman et al. 1995). Further,
some gear properties that affect catch efficiency
change during a tow (e.g., size of otter trawl mouth
opening, Koenig and Colin 1995), and therefore,

catch efficiency may vary during sample collection
as well as between samples (Engas 1994). With the
aid of acoustic equipment, Wathne (1977) found
that trawls performed erratically (i.e., they were off
the bottom for substantial parts of a tow, or the
wing spread fluctuated) in as many as 256% of tows.
Any modification of the gear that reduces the
number and degree of variations affecting efficien-
cy should improve catch efficiency and gear pre-
cision and make standardization more tractable.
For example, the mouth opening of a beam trawl
1s fixed, which 1mproves the etficiency of this de-
vice relative to that of the otter trawl (Zimmerman
et al. 1986; Kuipers et al. 1992).

A related and more insidious problem is that
catch etficiency can vary with environmental char-
acteristics, and often these characteristics are relat-
ed to the treatments being measured in a sampling
design. Unless this bias is identified and corrected,
differences in density estimates attributed to spe-
cies’ preferences may simply be a reflection of a
systematic shift in gear efficiency. For example, the
effect of vegetation on catch efficiencies of trawls
and seines is significant, and studies comparing
several estuarine habitats where emergent or sub-
merged vegetation is present have shown that
abundances cannot be accurately measured 1n veg-
etauon using towed nets (Miller et al. 1980; How-
ard and Lowe 1984; Gray and Bell 1986; Leber and
Greening 1986; Orth and van Montfrans 1987).
Differences 1in turbidity also have been shown to
affect the catch efficiency of trawls for small fishes
(Nielson 1983). In addition, bottom type (organic
content, topography, sediment texture), sea state,
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water depth, and even temperature appear to af-
tect the efficiency of trawls and seines (Herke
1969; Hartman and Herke 1987; Allen et al. 1992:
Engas 1994). Furthermore, in shallow water, pro-
peller turbulence can create unwanted disturbance

and suspend sediment and other debris, which
may clog a trawl, thus increasing net avoidance
(Rogers 1985; Hartman and Herke 1987). A variety
of modifications to towed nets have been devel-
oped to reduce specific problems related to catch
efficiency, but these modifications do not solve all

problems. Surface trawls mounted on the bow of

a boat may overcome problems associated with
propeller turbulence in shallow water and afford
greater maneuverability in marsh channels (Herke
1969; Rogers 1985), but these devices must be po-
sitioned several centimeters above the bottom, and
thus may under-sample epibenthic animals. A bot-
tom sled may be towed over unconsolidated bot-
tom where an otter trawl or seine cannot be used
(Pullen et al. 1968), but this gear is also plagued
by low and variable catch efficiency and is much
less effective in vegetated habitats or areas contain-
ing debris or other structure. Juvenile penaeid
shrimp often avoid capture in nets because they
are burrowed in the substrate (Vance and Staples
1992), thus all the environmental factors that af-
fect shrimp burrowing (time of day, incident light,
turbidity, substrate type, predators, hunger level)
may influence catch efficiency of penaeid shrimp.
Therefore, to make valid comparisons among sites
and habitats using samples from gear with low
catch efficiency, abundance estimates must be ad-
Justed to correct for site-related differences in gear
catch efficiency. These corrections are difficult to
estimate, but could be made for each site-habitat
combination by making limited comparisons with
gear known to have a high catch efficiency in that
habitat.

T'he major advantages of using seines and trawls
are their apparent ease of use. In addition, samples
are usually relatively free of debris, and sample
unit areas can be large (Table 1). However, these
advantages cannot overcome the serious problems
posed by low and highly variable catch efficiency,
difficulty in estimating catch efficiency or standard-
izing the gear, and extremely low catch efficiency
In some major estuarine habitats (e.g., emergent
marsh, seagrass, shallow water, soft bottom).

PASSIVE SAMPLERS

The flume, channel net, and fyke net are ex-
amples of passive samplers commonly used in shal-
low estuarine areas. Channel nets and modified
versions of this gear are placed in tidal channels
to collect nekton on falling tides when aquatic or-
ganisms swim out of marshes or mangroves (Lewis

et al. 1970; Cain and Dean 1976: Hodson et al.
1981; Rountree and Able 1992). Flumes, fyke nets,
and variations of these devices also are designed to
use tidal dynamics to collect samples in estuaries;

they have been used to sample nekton both on the

vegetated marsh surface and within small marsh
creeks (Mclvor and Odum 1986; Rozas et al. 1988;
Hettler 1989).

The catch efficiency of these devices is unknown,
mainly because gear avoidance is difficult if not
impossible to measure. In addition, density esti-
mates of target species are not easy to determine
because the size of the sample area is difficult to
define (Kneib 1991). Gear avoidance may be sig-
nificant, especially at high tidal stages, when ani-
mals could swim over flume and fyke net walls or
into the marsh to avoid channel and block nets.
Animals can also avoid capture by remaining in

small depressions in channels or on the marsh sur-

face at low tide (Bozeman and Dean 1980; Kneib
1991; Rountree and Able 1992; Peterson and Tur-
ner 1994). The effect of this avoidance on catch
etficiency depends on the degree that the channel
or marsh drains at low tide. Catch efficiency also
will depend on the mesh size of netting used to
construct the gear. Recovery efficiencies of 53—

- 80% for fishes and 30-46% for shrimps have been

reported for the flume (Mclvor and Odum 1986;
Wenner and Beatty 1993).

One major advantage of these gear is that the
sample unit area can be large (Table 1). In addi-
tion, samples often contain little detritus, and re-
covery efficiencies {at least for the flume) can be
easily measured. Effective sampling, however, de-
pends on tides carrying nekton into the net and
completely draining the sampled area. Therefore,
these gear can only be used to sample intertidal
habitats and are unsuitable for general use in some
habitat comparison studies. Passive gear may be
difficult or impossible to use in unpredictable or
microtidal systems or in areas that are not com-
pletely drained at low tide (Mclvor and Odum
1986). Because careful attention must be paid to
topography when placing these devices in a marsh
or channel (e.g., to avoid areas that hold water at
low tide), randomly selecting sample sites is often
difficult. In addition, these gear sample continu-
ously over a tidal cycle and integrate samples over
time and space; therefore, it is difficult to relate
samples to specific times or habitats (Kneib 1991).
Other limitatons in shallow estuarine habitats are
more gear specific. For example, using a flume on
unvegetated tidal flats adds a significant amount of
artificial structure to the habitat, and structure will
often attract animals and bias estimates. Density es-
timates made from samples taken with flumes and
other nets with walls may also be biased because



these gear block access to the area sampled from
all but one direction (Mclvor and Odum 1986).

Traps (e.g., Breder traps, pit traps, and light
traps) might also be included under the category
‘of passive samplers. The Breder trap (Breder 1960)
has been used in salt marshes and mangroves (Sar-
gent and Carlson 1987; LaSalle et al. 1991) and
consists of a clear plastic box with a funnel-like en-
trance that allows fish to swim in (e.g., on a falling
tide as they exit the marsh or mangrove area) but
not out. Pit traps function similarly (Kneib and
Stiven 1978) in that organisms leaving a marsh on
a receding tide may take refuge in the trap (an
open pit or bucket placed below the marsh sur-
face). All of these gear, however, should probably
be categorized as collecting devices rather than
sampling devices, because they are highly selective
in the species and size of animals entrapped. In
addition, the sample area cannot be defined and
is likely to vary depending upon habitat character-
1stics (e.g., plant stem density, water depth, micro-
topography, tidal regime).

ENCLOSURE SAMPILERS

This category includes a large number of sam-
pling devices (Table 1): encircling/block net
(Lambou 1959), purse seine (Hunter et al. 1966),
drop net (Hellier 1958}, throw trap (Wegener et
al. 1973; Kushlan 1974), drop sampler (Zimmer-
man et al. 1984), pop net (Bagenal 1974), flume
weir (Kneib 1991), pull-up net (Higer and Kolipin-
ski 1967), and bottomless lift net (Rozas 1992),
However, all are used similarly to rapidly enclose a
sample unit area of known size from which animals
are subsequently removed using a variety of meth-
ods {e.g., dip netting, seining, pump filtration, poi-
soning, and pursing).

Enclosure samplers appear to have generally
high catch efficiencies; although efficiencies de-
pend on gear type, method used to remove ani-
mals from the enclosed sample area, target species,
and environmental conditions (especially water
clarity). Kushlan (1981) estimated a catch efficien-
cy of 70-76% for a 1-m? throw trap by sampling an
enclosed area in which the total population was
later estimated following an application of rote-
none. For a 0.5-m* portable drop trap, Pihl and
Rosenberg (1982) estimated catch efficiency as
97% for a shrimp and 98% for a goby by sampling
a 16m? enclosed area after a known density of an-
imals had been added. A catch efficiency of 96%
for a 2.6m? drop sampler was estimated by sam-
pling a small pond into which a known density of
penaeid shrimp had been added (Zimmerman et
al. 1986). For a 14.5-m* pop net, Larson et al
(1986) estimated a catch efficiency of 94-100% by
observing and counting the number of fish that
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avoided capture after triggering the net in a swim-
ming pool and in a reservoir during periods of
high water clarty.

Enclosure devices are generally much more ef-
ficient than towed nets for sampling small organ-
isms in shallow water. In a direct comparison with
a 2.6-m* drop sampler in shallow unvegetated es-
tuarine habitat, three types of towed nets were
found to be only 17% (3.7-m otter trawl), 33%
(5.5-m bag seine), and 82% (1-m beam trawl) as
efficient for catching penaeid shrimp (Zimmer-
man et al. 1986). In a similar comparison, esti-
mates of penaeid shrimp densities obtained with a
1.0 m X 0.5 m beam traw] were an order of mag-
nitude lower than those obtained with a 0.8 m X
0.8 m drop trap (Vance et al. 1994). Both density
(0.5 > fish m~% versus 9.0 fish m*) and biomass
(2 > g m™° versus 15 g m™) estimates of fishes
derived from bag seine samples were significantly
less than those determined from portable drop net
samples (Gilmore et al. 1978). Similar results were
reported 1n other studies comparing catches of en-
closure nets and seines {Kjelson and Johnson 1973;
Kjelson et al. 1975; Freeman et al. 1984; Serafy et
al. 1988; Fossa 1989; Connolly 1994).

Measuring the two components of catch efficien-
cy (recovery efficiency and capture efficiency) for
enclosure gear is practicable. The efficiency of re-
covering animals from the enclosed sample area
can be easily measured (e.g., through simple tag-
ging procedures) after the sampler has been de-
ployed. Recovery efficiencies have been reported
as follows: 91-98% (Zimmerman et al. 1986) and
82% (Sheridan 1992) for 2.6-m? drop sampler; 93—
100% for 1-m? (Rozas and Odum 1987), 44-66%
for 1.5-m* (Wenner and Beatty 1993), and 85-
100% for 2-m* (Rozas and Reed 1994) throw traps;
42-100% for 100-m? flume weir (Kneib 1991); 32-
93% for 6-m? bottomless lift net {(Rozas 1992); and
50-100% for 25-m? pop net (Connolly 1994). Re-
covery etficiencies can be used to estimate capture
efficiencies for enclosure gear by first estimating
catch efficiency using one of the methods de-
scribed above (e.g., Larson et al. 1986; Zimmer-
man et al. 1986) and then dividing catch efficiency
by recovery efficiency.

The wide range in recovery efficiencies is due
mostly to species differences and to the effective-
ness of different methods used to recover the en-
closed organisms (Matlock et al. 1982). In general,
small, epibenthic species are much more difficult
to remove from sampling devices than large, pe-
lagic or semipelagic organisms (Kjelson and John-
son 1973; Gilmore et al. 1978; Kneib 1991). For
example, recovery efficiencies for daggerblade
grass shrimp Palaemonetes pugio in a flume weir in-
creased with the animal’s total length: 15~19 mm
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= 42%, 20~24 mm = 47%, 25-29 mm = 55%, and
> 30 mm = 72% (Kneib 1991). However, even
adult grass shrimp, an epibenthic organism, are re-
moved less efficiently than pelagic species; almost
complete removal from enclosure nets has been
reported for fishes such as spot (97%; Kneib 1991)
and striped mullet (93%; Rozas 1992). Pursing the
enclosure net or using a dip net or seine to remove
animals from a large sample area may be less effi-
cient than using a bar seine or other net designed
to fit snugly against the sides of the sample enclo-
sure (Jones 1965; Charles-Dominique 1989; Dewey
et al. 1989; Connolly 1994). Seining inside a large
enclosure is not an effective means of removing
organisms, especially in vegetation (Moseley and
Copeland 1969; Robblee and Zieman 1984). Add-
ing rotenone or other toxicants inside the sampler
may increase recovery efficiency for some animals
(Matlock et al. 1982; Czapla 1991; Baltz et al.
1993); however, the effectiveness of these poisons
varies with different taxa (Gilmore et al. 1981;
Johnson et al. 1988; Dudgeon 1990). Removing
and filtering water from inside the sample enclo-
sure also increases recovery efficiency by exposing
animals that would otherwise avoid capture and by
driving burrowed organisms out of the substrate.
This may be accomplished naturally by tidal action
in intertidal habitats (e.g., flume weir, Kneib 1991;
and bottomless lift net, Rozas 1992) or by pumping
(e.g., drop sampler, Zimmerman et al. 1984). Re-
covery efficiencies of > 90% for juvenile penaeid
shrimp were achieved by pumping water from a
drop sampler (Zimmerman et al. 1986); however,
efficiencies were only 44-66% for grass shrimp
when water was not completely removed from a
similar sampling device (Wenner and Beatty 1993).
Species that remain on the marsh surface in small
depressions at low tide are not efficiently removed
from large, tidally drained enclosures in a single
tidal cycle (Kneib 1991). Removing vegetation
from within the enclosed area may also increase
recovery etfficiency but is feasible only in relatively
small enclosures., Net mesh size of enclosure walls
also affects recovery efficiency; using gear con-
structed with large mesh netting will allow small
organisms to escape (Hellier 1958). This problem
should be avoided by constructing nets with a
mesh size small enough to collect the smallest or-
ganism targeted in a study (Gilmore et al. 1978).
Recovery efficiency generally decreases as the size
of the enclosure increases, especially in vegetated
habitats and when water in the enclosure cannot
be removed (Shireman et al. 1981; Miller et al.
1990). Because sample unit size also interacts with
environmental heterogeneity and animal distribu-
ttons within habitats, there is a tradeoff between
recovery ethiciency and sampling precision. In-

creasing the sample unit area decreases recovery
efficiency but increases sampling precision, es-
pecially for rare or highly~<lumped organisms.
Finding the optimum sample unit area where a bal-
ance is struck between these two opposing factors
Is an important aspect of gear selection (Pringle
1984; Palmer and White 1994).

Although enclosure samplers yield quantitative
data, some of these gear are not suitable for all
shallow estuarine habitats. Flume weirs and lift nets
depend on tidal action and can only be used in
mntertidal habitats. Furthermore, their use on un-
vegetated substrates would bias samples because
they add too much structure to the habitat (Kneib
1991; Rozas 1992). Drop nets may also bias samples
by altering the habitat with their presence; this
problem becomes even more acute when drop nets
are used repeatedly to sample the same area
(Hoese and Jones 1963; Kushlan 1974). Damage
to sampled areas also may be of concern in sensi-
tive habitats (e.g., created and restored salt marsh-
es, seagrass beds). Enclosure techniques, however,
can generally be modified to reduce or eliminate
permanent impacts to such habitats.

The confounding problem of habitat character-
1stics affecting both animal density and gear effi-
ciency, which is common for towed nets, can be
avoided if the catch efficiency of the sampling gear
1s very high in the targeted habitats. Throw traps
and drop samplers, for example, appear to have
high catch efficiencies that do not vary substan-
tially in the presence of vegetation (Zimmerman
et al. 1986). These enclosure devices have relatively
tew associated variables that influence catch effi-
ciency, and standardizing sampling methods is easy
and straight forward. The time required to collect
samples with a throw trap or drop sampler varies
considerably depending on substrate type, but un-
der most conditions, it is relatively short (i.e., ap-
proximately 15-30 min sample~1}; therefore, it is
teasible to collect 15-30 samples d-!. In addition,
throw traps and drop samplers generally require
no modification of the habitat prior to sampling;
they sample the entire water column; and they are
easy to use and inexpensive to construct, maintain,
and operate. ~

Like all current sampling devices, throw traps
and drop samplers have drawbacks and limitations.
The area enclosed by these samplers is often small
(1-3 m?), although increasing the number of sam-
ples can generally compensate for this limitation.
In many cases the small sample unit area can be
viewed as an advantage, because more samples are
required and the target habitat may be better rep-
resented. Throw traps and drop samplers are also
limited by water depth and vegetation density.
Drop samplers are generally limited to water



TABLE 2. Gear recommendations for quandtative sampling of
small nekton in shallow estuarine habitats based on the gear
characteristics listed in Table 1. Recommendation:- R = highly
recommended; G = conditionally recommended (only recom-
mended under suitable environmental conditions or 1f the orig-
inal design of the gear is modified to improve catch efficiency};
N = not recommended.

Majar Habitats

Non-
Non- vegetlated
vegetated Inter Seagrass  Tidal Ovster
Gear Type Subtidal  tidal or SAV ~ Marsh Reef

Encircling or block net
Purse seine

Flume weir

Drop net

Throw trap

Drop sampler

Pop net

Bottomless lift net
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depths less than 1.5 m, but throw traps have been
used to sample areas 1.5-1.8 m deep (Rozas and
Reed 1994). Throw traps are generally too light o
function properly in dense vegetation, and if
weight is increased enough to cut through the veg-
etation, the gear may be too heavy to throw. This
problem has been overcome by development of
the drop sampler, which is supported by a boom
attached to a boat and can be built with heavier
material than throw traps. Attaching a metal skirt
to the bottom of a drop sampler also helps cut
through even the thickest marsh vegetation.
Woody vegetation also can be sampled with a drop
sampler; red mangroves were sampled after clear-
ing the prop roots around the perimeter of each
sample site (Sheridan 1992). Use of a drop sam-
pler is restricted to areas accessible with a shallow-
draft vessel, and this restriction can prevent sam-
pling emergent marsh if the water is only a tew
centimeters deep. However, we have successfully
used this gear in areas up to 35 m from the marsh-
water interface by pushing a shallow-draft boat into
a salt marsh flooded by as little as 15 cm of water
(Minello et al. 1994).

In summary, we recommend strong considera-
tion of enclosure samplers for estimating densities
of small fishes and crustaceans in shallow estuarine
habitats (Table 2). These samplers provide quan-
titative data; and catch efficiencies are high, rela-
tively constant, and measurable. Throw traps and
drop samplers are particularly useful in studies
comparing different shallow estuarine habitats be-
cause, unlike towed nets, their catch efficiencies do
not appear to diminish in vegetated habitats (Zim-
merman et al. 1986). These devices have been
used to sample a variety of shallow water habitats
including oyster reefs, tidal marsh, mangroves, sub-
merged vegetation, and unvegetated subtidal bot-
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tom (e.g., Bass and Guillory 1979; Pihl and Rosen-
berg 1982; Zimmerman et al. 1984, 1989; 'Thomas
et al. 1990: Sheridan 1992; Rozas and Minello
1998). Although some enclosure devices may be
limited to particular habitats (Table 2), all collect
quantitative data in the habitat for which they are
suited. If a gear provides quantitative data from a
sample area of known size, catch per sample can
be easily converted to density (animals per area of
habitat); and density estimates can be used as the
basis for habitat comparisons, even when difterent
types of quantitative gear are used in various hab-
1tats. |

No sampling device is completely unbiased, and
an evaluation of gear limitations should be done
routinely prior to selecting sampling gear for stud-
ies to estimate population densities. Additional re-
search 1s needed to estimate catch etficiency over
a range of environmental conditions likely to be
encountered in shallow estuarine habitats (Kjelson
1977; Kjelson and Colby 1977). Modifications of
currently-used gear and development of new sam-
pling methods are also needed to improve catch

- efhicaency.
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Glossary

AccUraCy—the closeness of a mean density estimate to the true
mean density of animals in a habitat.



Bras—systematic error {positive or negative) in estimating den-
sity or population size caused by the sampling method.

CATCH EFFICIENCY—the proportion of target animals within the
sample unit area that is collected with the sampling device
and enumerated (= capture etficiency X recovery etficiency).

CAPTURE EFFICIENCY—the proportion of target animals within
the sample unit area that is enclosed or captured by the gear.

GEAR AVOIDANCE—t0 escape capture by active or passive means.

HaARITAT-——areas where fishes and decapod crustaceans live that
are generally characterized by hydrology, substrate type, and
dominant vegetation.

INEFFECTIVE—gear catch efficiency is so low that gear use is in-
appropriate.

PrRECISION—the closeness of repeated density estimates taken
from the habitat.
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QUANTITATIVE—accurate and precise.

RECOVERY EFFICIENCY—the proportion of target animals that 1s
recovered from the sampling device and enumerated.

SAMPLE SizE—number of samples collected.

SAMPLE UNIT ARFA—area covered by the sampling device; area
used to convert abundance 10 density estimate.

SAMPLING SITE—location of one sample unit or one deployment
of gear.

SAMPLING AREA—area identified for study that may include sev-
eral habitats or strata.

STANDARDIZATION—the technique of making a piece of gear
function similarly each time it 1s used.

STRATUM, STRATA (pl.)—specific area or areas designated for
sampling and statistical analyses.




